A noninvasive technique for measuring the stretch of skin is described. The technique utilizes changes in the reflectivity of polarized light intensity as a monitor of skin stretch. Measurements of in vitro pigskin and in vivo human skin show that the reflectivity of polarized light intensity increases linearly with stretch. The changes in diffusive reflectivity properties of skin result from the alterations that take place in the roughness across the thickness of the skin layers due to stretch. Conceptually, as the roughness of a layer decreases with stretch, a smoother reflecting media is produced, resulting in a proportional increase in the specular reflection. Results can be easily extended to a real-time stretch analysis of large tissue areas that would be applicable for mapping the stretch of skin.
Introduction
Visualization of skin deformations due to different surgical procedures is an important problem in plastic surgery. Large local deformations can be easily produced during suturing. Locally generated large deformations during the skin expansion and skin flap procedures can create undesirable consequences. Deformation of the skin is related to the mechanical forces that are generated in the skin due to external and/or internal forces. High-tension forces that can generate local large deformations across a sutured wound are likely to produce a stretched hypertropic scar at that site. 1, 2 Better scars are produced when the wound axis is placed parallel to Langer's lines ͑tension͒ compared to the case when the axis is across the lines. 1, 3 Dehiscence, ischemia, or necrosis may be expected in regions of high stresses through compromise of circulation in the subdermal vascular plexus. Blood flow is inversely proportional to wound closure tension, as observed in animal studies. 4 Therefore, it is worthwhile to determine deformations and estimate stresses in skin tissue accurately for a given pattern of wound suturing and/or in other surgical procedures where the large stretches are generated in skin. Biomechanical models and finite element analysis have been used in skin research to compute large stretches and predict stress concentrations. Using this information, researchers have determined preferred suturing patterns and wound geometries. [5] [6] [7] [8] Also, finite element analysis has been applied to deformation patterns and to estimate the stress distributions in skin flaps. 9 Note here that the deformation patterns in vivo situations will only help to estimate the stresses in skin because of skin's anisotropic mechanical properties, 7, 10, 11 and also the interaction between the dermis and hypodermis. 12 In vivo surface deformation patterns of skin can be obtained optically by a video dimension analyzer ͑VDA͒ or video motion analyzer ͑VMA͒ ͑Refs. 13, 14, and 15͒. The VDA system consists of a TV camera, a monitor, and a dimensional analyzer. The dimensional analyzer converts the distance between parallel stain markers on the surface of a substrate under investigation to a proportional voltage. VMA systems can generate a 3-D image of stretch using fluorescent markers ͑or other physical markers͒ that are placed on a tissue under study. The markers are imaged with three different cameras and the information is stored in a computer. The stretches can be computed from the two successive video frame informations via software.
Optical properties of skin and reflection of light from the skin surface and the interior layers of skin have been investigated. 16 In this paper, an optically based noncontact, in situ technique for measuring skin stretch is reported. This optical technique 17 is based on changes in the reflectivity of polarized light as the skin is stretched. As the skin is stretched, the roughness of the tissue is reduced, resulting in a smoother reflecting surface and a commensurate increase in the polarized reflected light. A simple model of surface roughness predicts 17 that the reflectivity should vary linearly with stretch as is observed experimentally. Several groups have used the reflection of polarized light to image tissues such as skin. 18 -23 In using polarized light, one can take advantage of the fact that linearly polarized light becomes increasingly randomly polarized as it propagates through the skin due to its large scattering coefficient. Linearly polarized light with cross polarizers has been used in lens photography to investigate the skin surfaces and to improve anterior segment photography. [19] [20] [21] [22] [23] Light that is reflected from the skin has two components. The first one, which maintains the polarization of the incident light, is the regular reflectance that comes predominately from the surface of the skin. The second component comes from within the tissue due to backscattering of light from the various skin layers. The backscattered light is predominately randomly polarized due to the large scattering coefficient of the skin. Using a polarized light source and another polarizer in front of the camera parallel to first polarizer ͑in front of the light source͒, researchers observed skin surface details from the reflected light ͑surface reflection͒. In cross-polarization they eliminate the surface reflection and preferentially detect the diffusely backscattered light. From the backscattering light reflection they obtain information about pigmentetion, erythema, infiltrates, vessels, and other intracutaneous structures.
Our previous experimental studies on guinea pigs and the theoretical modeling suggest that changes in the roughness of the skin layers may be responsible for the observed dependence of reflectivity on stretch. 17 In this paper, we discuss the experimental setup and the measuring technique in addition to preliminary data obtained from animal and in vivo human skin experiments.
Measurements

Experimental Technique
The polarization properties of reflected or transmitted light depend on the number of scattering events that take place for each photon. 18 For photons that suffer virtually no scattering events ͑so-called ballistic photons͒, the polarization properties are preserved. As photons participate in more and more scattering events, the final polarization state becomes more randomized. In the limit of many scattering events in a turbid tissue such as skin, the outgoing photons ͑diffusive photons͒ are unpolarized with equal intensity components parallel and perpendicular to the polarization of the incident light. Although the diffusive photons can provide information along the tissue's thickness ͑depending on the penetration depth of the light source͒, it is difficult to determine which areas of tissue were sampled due to the multiple scattering events. On the contrary, ballistic photons are partially reflected whenever there is an index of refraction difference from one tissue layer into another. Hence, the diffusive photons generally contribute to a background noise in every direction, which masks the tissue imaging information carried by the ballistic photons. In the 2-D polarization imaging technique 18 as well as other similar polarization measurements, 19, 22 the perpendicular component of diffusely reflected light is subtracted from the parallel component ͑ballistic plus diffusive͒ to remove the background noise.
The reflected power in both the parallel and perpendicular polarization is measured as a function of the incident light polarization and skin stretch. The experimental setup for measuring changes that take place in the light intensity due to applied skin stretch is shown in Figure 1 . A He-Ne laser ( ϭ632.8 nm, Pр0.25 mW) is used as a light source. Linearly polarized light is reflected from the surface of the skin. The light intensity is kept low enough to ensure a linear detector response ͑voltage proportional to laser power͒ and to protect the skin from damage. The angle of incidence in this study was i ϭ45 deg. The diameter of the incidence light was adjusted to 2 mm. The reflected light is collected onto the single-element silicon photodetector using a lens ( f ϭ35 mm) after it passes through a second polarizer ͑ana-lyzer͒. To within our limits of detection, the photodetector is polarization insensitive. The polarization of the incident light and the analyzer can be set in one of two perpendicular orientations: either parallel or perpendicular to the plane of incidence. The plane of polarization of light emerging from the laser is at 45 deg with respect to the first polarizer. This ensures equal intensities in either plane of polarization that is incident on the sample. The laser power is detected using the silicon photodetector by mechanically chopping the incident laser light and utilizing a lock-in amplifier and standard phase-sensitive detection techniques. In this technique, the laser power on the skin is modulated at a fixed frequency by alternatively blocking and unblocking the laser beam with a rotating slotted disk. Consequently, the optical signal measured by the detector is modulated at this same frequency. The lock-in amplifier is designed to eliminate noise at all frequencies while locking onto and amplifying the signal frequency. This technique is particularly useful when measuring small signals in the presence of large background noise.
Materials and Methods
In vitro experiments were performed on pigskin samples taken from the animals' shoulders. Pigskin samples were obtained from a local slaughter house. A simple device was built to apply stretch to the skin piece, as shown in Figure 2 . Two opposite sides of the square (70ϫ70 mm) skin sample were attached to the computer-controlled translation stages using plastic clamps. The distance between the clamps is 57 mm. The other sides of the sample were run through a metal cylindrical rod via 2-mm-diam holes that were punched along the sides of the sample. When the skin was stretched an equal amount with the translation stages, these rods prevented the center of the skin from contracting and moving toward the center of the device ͑lateral contraction͒. The distance between the supporting cylindrical rods was 60 mm. The middle part of the Plexiglas plate was covered with a dull ͑nonshin-ing͒ black thin plastic piece. This plastic piece eliminated any reflection from the Plexiglas surface. We obtained three samples from a single pigskin sample. The fatty tissue was completely removed from the backside of the samples. To obtain a repeatable data set, the pig spine orientation was used as an anatomical landmark. Square samples were taken from the skin piece where one side was taken parallel to the spine. The samples were placed such that the side of the square parallel to the spine was always parallel to the axis of the device where two translation stages are aligned. The samples were stretched parallel to the spine orientation and then back to the original position. During the experiments, the backside of the skin ͑the side facing the Plexiglas͒ was kept wet with saline solution ͑pH 7.4͒ to minimize the friction between the two materials and eliminate the drying of the skin. Skin samples were stretched by equal displacement with the two computer-controlled translation stages. This enabled the center of the sample to be stationary with respect to the stretch device. Computer-controlled stepper motors were used to change the stretch of the skin in 100-m steps. The stepper motors have a resolution of Ϯ1 m. During the measurements, laser light was reflected from this central portion of the skin. Various amounts of stretch, up to 17 mm ͑up to 12.3% of the unstretched length͒, were applied to the 57-mm skin span between the two clamps After the maximum stretch was reached, the skin sample was returned to its original position with the same protocol.
The measurement technique was tested on human skin in vivo. In this measurement, a special support for the right forearm was utilized. The experimental setup for holding the forearm is shown in Figure 3 . As with the in vitro measurements, the stretch was computer controlled using a stepping motor. The forearm was supported with two plastic supports, one located under the wrist and the other one under the elbow. The arm was secured on these supports with Velcro straps. A micrometer was secured on one of the supports. The two legs of the micrometer were placed against the skin at the anterior side of the forearm. Two legs of the micrometer were attached to the skin of the forearm with a double-sided Scotch tape with an initial 57-mm opening. Intensities of parallel and perpendicular polarized light of the analyzer were measured. The differences of the reflected light intensities were plotted against the stretch relative to the initial length ͑57 mm͒. Data were recorded for stretch either along or perpendicular to the long axis of the forearm. Ten different subjects were tested. Some of the measurements were performed on different days and some of the measurement on the same day.
Results
When stretch is applied to samples of pigskin parallel to the spine, a nearly linear relation between the amount of stretch and normalized reflected light intensity is measured. Figure 4 shows a typical measurement using a He-Ne laser. The inci- Fig. 2 Skin stretch device. Skin piece is attached to the computercontrolled translation stages via plastic clamps. Both stages are translated equal distances. This enables us to create a uniform stretch at the center of the skin sample where the polarized laser light is reflected. Support rods, which pass through the side holes of the skin sample, prevent the center of the skin from contracting, and moving toward the center of the skin stretch device. dent light is polarized perpendicular to the plane of incidence and the spine direction ͑direction of applied load͒. Similar results were obtained for incident light polarized parallel to the plane of incidence and the direction of applied load. In plotting Figures 4, 5 , and 6, we used the following strain measure ͓ϭ(LϪL 0 )/L 0 ͔, where L 0 and L stand for the length of the skin between the grips before and after the deformation, respectively. In Figure 4 , the initial stretching ͑be-low about 1 mm; ϭ1.75%) removed sagging in the sample. The linear reflectivity versus stretch was observed for intermediate values of stretch. For large values of stretch, the reflectivity saturates. The straight line is the best-fit linear regression line to the data points. In our previous work, we developed a model 17 that predicts this linear behavior. In this model, the polarized reflectivity increases due to a reduction in surface roughness as the tissue is stretched.
The normalized reflected light intensity was computed by taking the difference between the two perpendicular components of the reflected light ͑the component parallel to the polarization of incident light minus the perpendicular component͒. The resulting number was then normalized to the maximum recorded value.
Similar results were obtained for in vivo human skin for the anterior side of right forearm. Before each measurement, any hair that might interfere with the measurements were shaved and each subject's skin was wiped with alcohol. Typical data is shown in Figure 5 for human subjects 2, 7, and 9, respectively. The solid lines are a least-squares linear fit to the data to determine the slope. The quality of the fit is indicated by the linear correlation coefficient (R 2 ) with a value of 1.0 indicating a perfectly linear set of data. The normalized reflected intensity is plotted against the additional stretch relative to the initial unstretched tissue ͑57 mm͒ ͑elongation of the distance from the original 57-mm opening͒. Table 1 summarizes the data for the 10 subjects. Note that while the slopes are different for the different subjects, the linear correlation coefficients indicate that all of the subjects' data is very well represented by a linear fit. As shown in Figure 6 , as the stretch is increased further, the reflectivity saturates as indicated by the decreasing slope above stretches of 4 mm (ϭ7%) ͑Fig-ure 4͒ and 5 mm (ϭ8.8%) ͑Figure 6͒.
To demonstrate the reproducibility of the measurement, the reflectivity versus stretch data were recorded on human subject 2 on the same bodily location for 10 different days. The experiments were preformed at the approximate same time of the day in a similar controlled environment ͑i.e., temperature, humidity͒. The subject was also allowed to rest and relax the skin surface for a consistent amount of time while the subject skin was treated with alcohol wipes between each measurement. It was found that the longer time intervals ͑Ͼ10 min͒ given between the cycles would reduce the effect of viscoelastic deformations and thus reduce the scatter in the data. On each day, 10 trials were conducted. The data are tabulated in Table 2 . On to day-to-day basis, the data is reproducible to roughly 13%. 
Discussion
In vivo human experiments on skin showed that the reflection properties of skin change with stretch for He-Ne wavelength (ϭ632.8 nm). Added linear regression lines showed that the intensity of the reflected specular light after subtracting the noise increases linearly with applied stretch ͑Figure 5͒. The slopes of the regression lines are different for different subjects ͑Table 1͒. Such differences are to be expected since the mechanical properties of tissue will vary with age, moisture content, and so on. However, it was reproducible for the same subject on different days under the same experimental conditions ͑Table 2͒. The stretches in two perpendicular directions ͑parallel and perpendicular to the long axis of the forearm͒ yield good correlation between stretch and reflected light intensity and also it shows that skin has anisotropic properties which can be detected by light reflection ͑see Table 3͒ . Similar stretch experiments on the volar surface of the forearm by other researchers showed that the mechanical properties of the forearm skin are anisotropic. 24, 25 Also in that study it was shown that skin impressions that are taken by silicone rubber 26 changed with applied stretch. The linear relationship between applied stretch and polarized reflectivity can be understood and modeled if the skin surface is approximated by a sinusoidal curve in the resting stage. Stretching reduces its amplitude and increases its spatial scale, thereby making it smoother and flatter, resulting in a commensurate change in reflective characteristics of the skin. 17, 25 As the skin is stretched toward its maximum limit, one would expect the reflectivity to saturate with increasing stretch since its surface becomes mirror-like. Continued stretching will no longer increase the reflectivity at an appreciable level as compared to lower stress levels, since the surface is already as smooth as possible. This saturation is observed in latex membrane measurements. 17 The change in reflected light intensity is decreasing for larger stretches as evidenced by the reduction in the slope of the curve towards stretch distances larger than 5-mm stretch (ϭ8.8%) for subject number 1 in Figure 6 and 4-mm stretch (ϭ7%) in Figure 4 . Similarly, this saturation behavior was observed by Ferguson and Barbenel 25 in their skin tension experiment in which skin behaved rather mechanically stiff in the direction perpendicular to the long axis of forearm as compare to parallel to long axis of forearm.
Note that in our pigskin stretch experiment ͑Figures 2 and 4͒, sample shapes before and after the deformation can be approximated with a rectangular geometry. Skin was stretched in one direction ͑along the grips͒, and the contraction of the skin, perpendicular to the stretch direction, was prevented by the two metal bars ͑support rods͒ ͑Figure 2͒. The strain measure reflects the deformation along the motion of the grips ͑Figure 4͒. On the other hand, in the forearm measurements there was nothing to prevent skin from contracting perpendicular to the direction of the micrometer. The geometry of the skin piece before the deformation ͑rectangular͒ distorted after the stretch with the reflectance measured at the center of the initial rectangular region. The definition of strain measure at that point can be still used for illustrations ͑Figures 5 and 6͒. In both measurements, the grips and the double-sided Scotch tape do not allowed the lateral contraction of the samples during the stretch right next to them. Therefore, for the presented reasons, a simple ideal rectangular geometry that can be used before and after the deformation for computing strain tensors can not be met.
11
Measurements were repeated with blue light ( ϭ488 nm) from an argon-ion laser. Both wavelengths used in this study gave similar results for the slope, indicating that the applied stretch changes the reflective properties through out the optical penetration depths of the two wavelengths. It is well known that different wavelengths of light penetrate different depths into skin tissue. Previous results with wavelength-dependent polarization imaging show that features below the surface of the skin can be imaged. 18 For a single wavelength, polarization imaging averages over the Fig. 6 Human forearm measurement for subject 1. For small values of stretch, the change in reflectivity is linear. As the stretch continues beyond about 8.8% strain, the reflectivity approaches a limit. Table 2 Measured slope (ϫ10 2 ) of reflectivity versus stretch data for human subject 2 on 10 different days; for each day, 10 trials were conducted; the slope for a day is the average of the 10 measurements and the error is determined by the standard deviation of the 10 measurements. Table 3 Measured slope of reflectivity versus stretch data for stretch applied parallel to long axis of the arm compared to stretch applied perpendicular to the long axis of the arm; the standard error is determined from a least-squares linear fit for each of the trials and the slope and error above is the statistical average of four trials.
Direction of Stretch Slope
Parallel to long axis of arm 0.0095Ϯ0.0002
Perpendicular to long axis 0.0065Ϯ0.0008
penetration depth of the light. The imaging of structures at different depths can be achieved by subtracting the normalized polarized reflectivity images ͑i.e., parallel minus perpendicular polizations͒ acquired with two different wavelengths ͑i.e., two different penetration depths͒. The subtraction will cancel out the image arising from the outer part of the tissue ͑shorter wavelength image͒ because the number of photons contributing to this part of the reflectivity is approximately the same for both wavelength images. Therefore, subtracting the two images for different wavelengths produces an image that contains only information from a location in the tissue given by the difference of the penetration depths. This suggests that by using different-wavelength light sources we can map the stretch field of the skin as a function of depth under applied stretch/force. If one were to measure the absolute reflectivity of skin, the absolute reflectivity would depend on many factors such as age, water content, pigmentation, etc. For all of the measurements on human subjects, care was taken to reproduce the test conditions ͑e.g., time of day, humidity, test location on the body, skin treatment prior to measurements͒ for each measurement. However, in our experiments we are mainly concern with the slope of our measurements curves ͑e.g., the relative change in reflectivity versus change in stretch͒. For such a measurement, the absolute reflectivity does not matter-only relative changes in slope matter.
The measurements of the deformations and applied loads and estimating the biomechanical properties of tissue are critical to many areas of the health sciences. Measuring the tension in wound closures, 27 skin flaps, 28 and tissue expanders 29 would help surgeons to treat wounds more successfully by minimizing scar tissue and maximizing the speed of treatment, by letting them know how much the skin can be stretched at each treatment step. The measurement techniques, which provide information to the surgeons about the excess mechanical deformations of soft tissue around the surgical site during the surgery, would avoid injury to the surrounding tissue since the optimum amount of force could be applied during suturing. The noncontact, in situ optical technique described in this paper can be easily extended to an imaging technique by replacing the single-element photodetector with a digital CCD ͑charge-coupled device͒ camera and using appropriate imaging software to take into account images acquired for different illumination wavelengths. By analyzing the entire reflectivity of the image using a digital camera, the polarization imaging technique can yield the stretch pattern over a large area of tissue. To this end, preliminary measurements of polarization imaging of soft-tissue stretch using a CCD camera demonstrate 30 a lateral spatial resolution of about 25 m. Moreover, by subtracting polarization images obtained with different wavelengths, corresponding to different optical penetration depths, it is possible to construct a 3-D image 18 of the soft-tissue stretch. Changes in skin stretch properties in an area of interest can be monitored and estimated noninvasively by comparing the reflectivity changes that take place in symmetrical anatomical locations by applying controlled deformations and monitoring the resulting changes that take place in the light reflection properties of the skin.
